We introduce algorithms for black hole physics, i.e., black hole formation, accretion and feedback, into the NIHAO (Numerical Investigation of a Hundred Astrophysical Objects) project of galaxy simulations. This enables us to study high mass, elliptical galaxies, where feedback from the central black hole is generally thought to have a significant effect on their evolution. We furthermore extend the NIHAO suite by 45 simulations that encompass z = 0 halo masses from 1 × 10 12 to 4 × 10 13 M ⊙ , and resimulate five galaxies from the original NIHAO sample with black hole physics, which have z = 0 halo masses from 8 × 10 11 to 3 × 10 12 M ⊙ . Now NIHAO contains 144 different galaxies and thus has the largest sample of zoom-in simulations of galaxies, spanning z = 0 halo masses from 9 × 10 8 to 4 × 10 13 M ⊙ . In this paper we focus on testing the algorithms and calibrating their free parameters against the stellar mass versus halo mass relation and the black hole mass versus stellar mass relation. We also investigate the scatter of these relations, which we find is a decreasing function with time and thus in agreement with observations. For our fiducial choice of parameters we successfully quench star formation in objects above a z = 0 halo mass of 10 12 M ⊙ , thus transforming them into red and dead galaxies. (Pillepich et al. 2018), Magneticum Pathfinder (Dolag et al. 2016), MassiveBlack-II (Khandai et al. 2015) and EAGLE (Schaye et al. 2015) are hydrodynamic simulations of cosmological volumes, and FIRE (Hopkins et al. 2014) and Auriga (Grand et al. 2016) consist of zoom-in simulations of individual galaxies.
INTRODUCTION
It is now well established that black holes exist in the centres of almost all galaxies (e.g., Kormendy & Richstone 1995; Magorrian et al. 1998) , and that they are connected to their hosts. The general idea outlined by Di is that feedback provided by the central black hole heats the galaxy's gas and subsequently quenches star formation and further black hole accretion, transforming it into a 'red and dead' elliptical galaxy. In this framework this co-evolution leads the galaxy, i.e. its velocity dispersion (e.g., Ferrarese & Merritt 2000; Gebhardt et al. 2000) or its bulge mass (e.g., Kormendy & Richstone 1995; Häring & Rix 2004) , being related to the black hole mass. However, some works (e.g., Jahnke & Macciò 2011) argue that correlations between the galaxy and its central black hole do not imply a physical connection of these two.
Numerical simulations have been proven very successful in investigating the formation and evolution of galaxies, leading to a number of projects that have been developed over the last years. E.g., Illustris (Vogelsberger et al. 2014) , IllustrisTNG formation, accretion and feedback into the NIHAO project, and to extend the NIHAO suite to include high mass, elliptical galaxies. We focus on the testing of the algorithms and the calibration of the free parameters on the observed stellar mass versus halo mass and black hole mass versus stellar mass relations, and also investigate how the scatter of these relations evolve with time and compare with observations. In section 2 we review the properties of the NIHAO project. We introduce the algorithms used for black hole formation, accretion and feedback in section 3 and the initial conditions in section 4. In section 5 we present our results and in section 6 we study the effect of the algorithms' free parameters on the simulations. In section 7 we summarize our findings.
THE NIHAO PROJECT
NIHAO uses an updated version (Keller et al. 2014 ) of the TreeSPH code G 2 (Wadsley et al. 2004 (Wadsley et al. , 2017 . The simulations use a flat LCDM cosmology with parameters from the Planck Collaboration et al. (2014) .
The backbone of the NIHAO project consists of cosmological dark-matter-only simulations with box sizes of 60 and 20 Mpc/h from Dutton & Macciò (2014) , and a new box of 15 Mpc/h with 400 3 particles. These are evolved until z = 0, then haloes from these boxes are selected and resimulated individually with a higher resolution and with gas particles.
All galaxies have the same relative resolution across the whole mass range, i.e. ∼ 10 6 dark matter particles inside the virial radius at z = 0. The particle masses and force softening lengths are chosen to resolve the mass profile at 1 per cent of the virial radius. The initial ratio of dark and gas particle mass equals the cosmological mass ratio of dark matter and baryons of Ω DM /Ω b = 5.48. The softening length of gas and star particles is (Ω DM /Ω b ) 1/2 = 2.34 times smaller than the dark matter particle softening length. The free parameters of the stellar and supernova feedback model have been chosen to match the M ⋆ -M 200 relation for one Milky Way-like galaxy at z = 0.
Cooling is provided via hydrogen, helium, and various metallines in a uniform ultraviolet ionizing background (Shen et al. 2010) , this includes photoionization, UV background heating (Haardt & Madau 2012) , and Compton cooling.
Stars are formed from gas particles that pass a density and temperature threshold (T < 15000 K, n > 10.3 cm −3 ) with a rate of M ⋆ = c ⋆ M gas t −1 dyn , where t dyn = (4πGρ) −1/2 is the gas particle's dynamical time, ρ its density, M gas its mass and c ⋆ = 0.1 the star formation efficiency.
Supernova feedback is modeled with the blastwave formalism of Stinson et al. (2006) . Stars of mass 8 < M ⋆ /M ⊙ < 40 eject metals and energy to surrounding gas particles 4 Myr after their formation. For these gas particles cooling is delayed for ∼ 30 Myr. Before they produce a supernova massive stars provide 'early stellar feedback' , i.e. 13 per cent of the total stellar flux of 2 × 10 50 erg M −1 ⊙ is injected into the surrounding gas as thermal energy. No cooling delay is applied in this case. We refer to Wang et al. (2015) for more details of the NIHAO project.
NIHAO has been very successful in reproducing galaxy properties for halo masses of M 200 2 × 10 12 M ⊙ , e.g., the stellar mass versus halo mass relation (Wang et al. 2015) , the galaxy velocity function (Macciò et al. 2016) , the Tully-Fisher relation (Dutton et al. 2017 ) and the rotation curves of dwarf galaxies (Santos-Santos et al. 2018).
COMPUTATIONAL METHODS FOR BLACK HOLE PHYSICS
Black holes are modeled as sink particles (Bate et al. 1995 ) that only interact with their environment via gravitational forces and that can accrete matter from neighboring gas particles. For black hole accretion and feedback we choose the models introduced by Springel et al. (2005) , because these are the most widely used and thus tested, and are known to be able to yield the correct relation between black hole mass and the stellar component .
Black hole formation
We follow a common approach for modeling black hole formation: when a central halo 1 exceeds a threshold mass M h,t we convert the gas particle (or a part thereof) with the lowest gravitational potential into a black hole with seed mass M BH,s . 2 Haloes and their masses are found with the AMIGA Halo Finder (AHF, Gill et al. 2004; Knollmann & Knebe 2009 ), see section 4 for more details. We follow Sijacki et al. (2007) and use the values M BH,s = 1×10 5 M ⊙ and M h,t = 5 × 10 10 M ⊙ . An alternative model for black hole formation is used in the R simulations (Tremmel et al. 2017) , where black hole formation occurs when the gas meets specific thresholds for metallicity, density and temperature.
Black hole relocation
In galaxy-scale simulations two effects can lead the position of the black hole not to coincide with the halo centre: (i) The small ratio of black hole mass and gas/star/dark particle mass leads to stochastic motions of the black hole particle caused by the momentum of the accreted gas and gravitational interactions with nearby particles. (ii) In the case of two haloes merging dynamical friction would lead the black hole to sink to the centre of the newly forming halo. However, in galaxy-scale simulations dynamical friction is generally underestimated on small scales due to insufficient resolution.
To compensate for these effects a number of models have been developed in the last years: Debuhr et al. (2011 Debuhr et al. ( , 2012 and Anglés-Alcázar et al. (2017) assign the black hole a 'dynamical mass' or 'tracer mass', which is several orders of magnitude larger than the actual black hole mass, to prevent the black hole from moving too far away from the halo centre. Johansson et al. (2009) relocate the black hole to the gas particle within the SPH smoothing length of the BH that has the lowest gravitational potential. Booth & Schaye (2009) also relocate the black hole to the neighboring gas particle with the lowest gravitational potential, but only if the relative velocity of black hole and gravitationally most bound gas particle is smaller than 25 per cent of the local speed of sound and if the black hole mass is smaller than ten times the initial gas particle mass. The IllustrisTNG simulations (Sijacki et al. 2015 ) force the black hole particle to be located at the potential minimum of its host halo. The EAGLE simulations (Schaye et al. 2015) force black holes with a mass smaller than 100 times the gas particle mass to migrate towards the minimum of the gravitational potential of its host halo. 1 We do not seed subhaloes. 2 E.g., Sijacki et al. (2007) The Magneticum Pathfinder simulations (Hirschmann et al. 2014) and the the R simulations (Tremmel et al. 2017 (Tremmel et al. , 2015 include a subgrid model to account for the dynamical friction force that is acting on the black hole.
However, relocating the black hole to the potential minimum of its host halo can lead it to move very large distances (the sum of the haloes virial radii, i.e., several 100 kpc) in the case of two haloes merging. Furthermore, if these two haloes, whose black holes have just merged, disconnect again, the halo that just lost its black hole would get re-seeded. To avoid these problems every major time step 3 we set the position and velocity of the black hole to the values of the dark matter particle within ten softening lengths that has the lowest gravitational potential. Using the star particle with the lowest gravitational potential might be problematic at high redshifts, when only few or no star particles are present. Placing the black hole at the gas particle with the lowest gravitational potential would artificially increase its kernel weight, thus its density and thus the black hole accretion rate. Furthermore, using a gas particle that has recently received feedback and is thus outflowing could lead to inappropriate black hole velocities and/or large jumps in the black hole position. (See Wurster & Thacker 2013, for a discussion of a similar problem.).
Black hole merging
Two black holes are merging when their distance is smaller than the sum of their softening lengths. The resulting black hole inherits the position, velocity and acceleration of its predecessors' barycentre, its mass is the sum of its predecessors' masses, and its accretion rate is calculated in the next timestep.
Black hole accretion
We calculate the accretion rate of the black hole with the commonly used 4 Bondi-Hoyle-Lyttleton parametrization (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952) 
where M BH is the black hole mass and ρ, c s and v are the density, sound speed and velocity of the gas that surrounds the black hole. The parameter α was first introduced by Springel et al. (2005) to account for the limited resolution of these simulations, and is usually set to α = 100 (see, e.g., table 2 in Booth & Schaye 2009 ). However, our resolution is higher than in earlier works that use the Bondi-Hoyle-Lyttleton parametrization, therefore we use an accretion parameter of α = 70 and justify this choice with a parameter study in section 6. The black hole accretion rate is limited by the Eddington rate (Eddington 1921)
with the Salpeter time-scale τ S = 4.5 × 10 8 yr (Salpeter 1964 the radiative efficiency ǫ r = 0.1 (Shakura & Sunyaev 1973) . The black hole accretion rate then is
At each time step ∆t the black hole accretes the mass ∆t M BH from the gas particle(s) that is (are) most gravitationally bound to the black hole. The momentum of the accreted mass is added to the black hole's momentum. The black hole can accrete fractions of a gas particle, which might lead to gas particles with a very small mass. If a gas particle's mass falls below 20 per cent of its initial mass it is deleted and its mass and momentum are distributed among the surrounding gas particles weighted with the SPH kernel.
To avoid too large accelerations and thus too small time steps of particles close to the black hole, as well as two body relaxation, we increase the black hole softening length as it grows. As the softening length of collisionless particles in our simulations is proportional to the square root of their mass, we multiply the black hole softening length with (1 + ∆m/m BH ) 1/2 when it increases by ∆m in mass.
Increasing the softening length of the black hole does not significantly affect its surroundings, as its gravitational force is usually much smaller than the gravitational force of the stars surrounding the centre. E.g., for the galaxy g7.92e12 that we use for our parameter study in section 6, the mass of the stars within 1 kpc of the black hole is at least 25 times larger than the mass of the black hole for all times.
We do not limit how far particles can be away in order to be accreted. However, usually in each timestep not more than one particle is accreted, and this one is the most bound one, and thus usually the closest to the black hole. Alternative methods to model gas accretion onto black holes have been developed: Booth & Schaye (2009 , 2010 assume that the accretion parameter α is not constant, but a function of the gas density, whereas in the EAGLE simulations (Schaye et al. 2015) and Rosas-Guevara et al. (2015) α is the ratio of Bondi time-scale and viscous time-scale. Tremmel et al. (2017) modify the Bondi-Hoyle-Lyttleton parametrization to take the angular momentum of the gas into account. Debuhr et al. (2011 Debuhr et al. ( , 2012 calculate the black hole accretion rate based on the viscous evolution of an accretion disc that surrounds the black hole. Hopkins & Quataert (2011) and the FIRE simulations (Anglés-Alcázar et al. 2017) calculate the black hole accretion rate based on angular momentum and gravitational torques around the black hole.
Black hole feedback
Black hole accretion results in a luminosity of
with speed of light c, and we assume that a fraction 5 ǫ f = 0.05 of this luminosity is available as thermal energy for the gas that surrounds the black hole. Thus the gas receives an energy per time of
that is distributed kernel weighted among the 50 nearest gas particles. To avoid too large sound speeds and thus too small time steps we limit the specific energy of a single gas particle to (0.1c) 2 .
There are a few alternative models for black hole feedback. Sijacki et al. (2007) use an additional feedback mode operating at low black hole accretion rates that is modeled by injecting 'bubbles' into the host galaxy. Debuhr et al. (2011 Debuhr et al. ( , 2012 and Choi et al. (2012) use 'kinetic feedback' that feeds momentum and mass to the gas surrounding the black hole.
INITIAL CONDITIONS, GALAXY PROPERTIES AND PARAMETERS
Our galaxies and their properties are listed in Table 1 at the end of this paper. We take five galaxies from the original NIHAO suite that have a dark matter particle mass of 1.74 × 10 6 M ⊙ , a gas particle mass of 3.17 × 10 5 M ⊙ , a dark matter softening length of 931 pc and a gas particle softening length of 398 pc. These originate from a cosmological dark-matter-only simulation with a box size of 60 Mpc and 600 3 particles. From the same box we additionally take seven new galaxies with the same resolution that reach z = 0 halo masses of 1 − 4 × 10 12 M ⊙ . We then take 38 new galaxies with a dark matter particle mass of 1.38 × 10 7 M ⊙ , a gas particle mass of 2.52 × 10 6 M ⊙ , a dark matter softening length of 1863 pc and a gas particle softening length of 782 pc. These reach z = 0 halo masses of 4 × 10 12 to 4 × 10 13 M ⊙ , and originate from a cosmological darkmatter-only simulation with a box size of 90 Mpc and 450 3 particles. A few galaxies were resimulated without black hole feedback, these have no entry for the black hole mass in Table 1 . The name of a galaxy refers to its halo mass at z = 0 from the cosmological dark-matter-only simulations, i.e. its halo mass in the simulations presented in this paper might be slightly different. We use the AMIGA Halo Finder (AHF, Gill et al. 2004; Knollmann & Knebe 2009 ) to identify haloes and their properties. AHF identifies overdensities on an adaptively refined grid as prospective halo centres. These haloes are then defined as a sphere with radius R 200 and mass M 200 such that their density equals 200 times the cosmic critical matter density. The stellar mass M ⋆ of a galaxy is defined as the combined mass of all stellar particles within a radius of r gal = 0.2 R 200 (see Munshi et al. 2013 , for a different approach in defining a galaxy's stellar mass). Due to mergers some galaxies might contain more than one black hole, we define the central black hole as the one that is closest to the galaxy's centre. All our haloes contain no intruder within 20 per cent of their virial radius and less than 20 intruders in total, where an intruder is a particle that originates from outside the zoom-in region. In total we have 50 galaxies with black hole feedback and 11 galaxies without black hole feedback in this paper.
RESULTS
The magnitude of black hole feedback is determined by the black hole accretion rate, which in turn determines the black hole mass. As black hole feedback quenches star formation, one of its strongest effects is to reduce the stellar mass of a galaxy. Therefore we use the galaxy's stellar mass and black hole mass to gauge our model, and thus use the stellar mass versus halo mass (M ⋆ -M 200 ) relation and the black hole mass versus stellar mass (M BH -M ⋆ ) relation for calibration. We also analyze the star formation histories of three of our new galaxies to confirm black hole feedback having a quenching effect on them. In this section we use the reference parameters of our model, namely the accretion parameter α = 70, the feedback efficiency ǫ f = 0.05, the black hole seed mass M BH,s = 1 × 10 5 M ⊙ and the halo threshold mass M h,t = 5 × 10 10 M ⊙ .
We compare our M ⋆ -M 200 relation to results from halo abundance matching of Moster et al. (2018) , Behroozi et al. (2013) and Moster et al. (2013) . These are based on the IMF of Chabrier (2003), but there is evidence for 'heavier' (bottom-heavy, i.e. more low mass stars) IMFs in massive galaxies (e.g., Conroy & van Dokkum 2012; Dutton et al. 2013a,b) . Therefore, following Dutton et al. (2013b) , we add a correction
for m > 9 and m = log M ⋆ /M ⊙ to log M ⋆ of the M ⋆ -M 200 relations, which increases the stellar mass for high mass galaxies by a factor of ∼2. The Behroozi et al. (2013) and Moster et al. (2018) relations are a function of the halo's virial mass, which we convert to M 200 by applying corrections suggested by Dutton & Macciò (2014) . Fig. 1 shows the M ⋆ -M 200 relation of our galaxies compared to the abundance matching results, our simulations with black hole feedback provide a good match. Only at very high and low halo masses our galaxies slightly deviate from the observed relations, but most of them are still within the 1-sigma scatter of the observations. Fig. 2 shows the M ⋆ -M 200 relation of our galaxies that were simulated without black holes, compared to their counterpart with black holes. Only the simulations with black holes provide a good match to the observed relations, demonstrating the importance of black hole feedback for the evolution of high mass galaxies. Fig. 3 shows the M BH -M ⋆ relation of our galaxies for different redshifts compared with z = 0 observations from Kormendy & Ho (2013) and Sani et al. (2011) . At each redshift we fit a linear relation to our simulations and calculate the 1-sigma scatter. We apply a 5-sigma clipping to our data to remove the high-mass outlier that is visible in the z = 4 subplot from the calculation of the scatter. Our results match the Kormendy & Ho (2013) relation well, only at the lower end the black hole masses of some galaxies are underestimated. We also show a relation between halo mass and black hole mass in Fig.  4 .
Recent successes in reproducing the correct stellar masses and black hole masses in galaxy simulations include the EAGLE project (Schaye et al. 2015) , Behroozi et al. (2013) and Moster et al. (2013) relations. The scatter of the Moster relations depends on the stellar mass, therefore we calculate the scatter for the range of stellar masses that are encompassed by our simulations in each redshift, its mean and standard deviation is shown in Fig.  5 . We make sure that at each redshift there are at least 12 galaxies in the sample given our criteria of a minimum of 10 4 particles per galaxy. The scatter of all relations is generally decreasing with time. 2018) scatter is in good agreement with our simulations, with being only slightly below our scatter for z>1 and above for z<0.5. Fig. 6 shows the scatter of the M ⋆ -M 200 relation versus halo mass for z = 0 for the Behroozi et al. (2013) , Moster et al. (2018) and Moster et al. (2013) relations, for the NIHAO galaxies with black holes presented in this paper (50 galaxies divided into 3 bins) and for 78 of the NIHAO galaxies (divided into 4 bins) without black holes presented in Wang et al. (2015) for four different redshifts. For z = 0 our scatter is below the Moster et al. (2018) and Moster et al. (2013) scatter, except for halo masses around 10 10 M ⊙ , and below the Behroozi et al. (2013) scatter for halo masses above 5×10 11 M ⊙ . The scatter is generally increasing with decreasing halo mass. There is no clear trend as a function of redshift. Our results are in agreement with previous studies of the scatter by Wechsler & Tinker (2018) and Matthee et al. (2017) . So far only the NIHAO simulations can show the scatter for halo masses covering five orders of magnitude, i.e., ranging from 5 × 10 8 to 4 × 10 13 M ⊙ . 2011) and Kormendy & Ho (2013) relations. We only calculate the scatter for redshifts with at least 12 galaxies in our sample. At high redshifts the scatter is dominated by the black hole seed mass and possibly by low number statistics. The scatter then increases steeply, and is then declining for the remainder of the evolution. At redshift zero the scatter of the simulations is below the observed scatter. This is expected since we present here the intrinsic scatter in the simulations which does not account for observational biases and errors.
In Fig. 8 we show the star formation history, with and without black hole feedback, and the black hole accretion rate of three of our galaxies. Without feedback the galaxies show continuous star formation up to z = 0, creating unrealistic and unobserved blue massive galaxies. With feedback the galaxies show an initial phase of high star formation, and are then quenched for the remainder of their evolution. The back hole accretion rate peaks shortly before the star formation rate starts declining, indicating that star formation is quenched by the black hole feedback. All three galaxies in Fig. 8 show the black hole becoming active at about 2 to 4 gigayears. To determine the reason for this increase we look at Fig. 9 , which shows the black hole accretion rate, the black hole mass and the gas density at the location of the black hole. The black hole accretion rate is given by the Bondi formula of eq. 1, and is determined mainly by the black hole mass and the gas density. In the first few time steps both quantities results in a low growth rate for all three galaxies, which would, if continuing until redshift zero, result in final black hole masses of less than 10 7 M ⊙ . However, after the first few time steps (9 steps or 2.8 Gyr for g1.12e12, 18 steps or 4.3 Gyr for g7.92e12, 5 steps or 1.5 Gyr for g1.05e13) the central black hole experiences one or more merger events with other black holes. Thus the black hole mass roughly doubles, which roughly quadruples the black hole accretion rate. Now the black hole accretion rate is large enough to cause significant black hole growth, and the ever increasing black hole mass leads to an ever increasing accretion rate, resulting in a kind of 'runaway growth'. The black hole gains most of its mass due to gas accretion, the black hole mergers serve merely as a trigger for higher accretion rates. For instance, the final central black hole mass of the galaxy g7.92e12 consists to 5 per cent of merged black holes and to 95 per cent of accreted gas.
When the black hole accretion rate, and thus the feedback, is high enough, it is capable of removing significant amounts of gas from the vicinity of the black hole, indicated by a drop in the gas density in Fig. 9 . An increasing black hole mass and a decreasing gas density leads the black hole accretion rate to stabilize to a roughly constant value, at least for the next few gigayears.
Previous work (Anglés-Alcázar et al. 2017; Dubois et al. 2015) indicates that black hole growth is regulated by the gas inflow from the host galaxy, and that black hole growth is only efficient after the galaxy has reached a certain mass. However, in our work the gas density does not change significantly in the first stages of black hole growth, rather, black hole mergers are crucial in triggering significant black hole growth. This implies the existence of a critical black hole mass for the onset of black hole accretion of the order of 10 5 M ⊙ . Furthermore it outlines the importance of triggering efficient black hole growth in the first place, alongside with self-regulated black hole growth in the later stages of galaxy evolution. However, we point out that these effects are merely the result of the Bondi formula being proportional to the square of the black hole mass, and might change if other accretion schemes are used.
PARAMETER STUDY
The reference parameters of our model are the accretion parameter α = 70, the feedback efficiency ǫ f = 0.05, the black hole seed mass M BH,s = 1 × 10 5 M ⊙ and the halo threshold mass M h,t = 5 × 10 10 M ⊙ . In this section we explore how a variation of these model parameters affect the M ⋆ -M 200 and M BH -M ⋆ relations, and show that our fiducial parameters are a reasonable choice. We restrict the parameter study to the galaxies g8.26e11 and g7.92e12, the first one is the same galaxy used in the first NIHAO paper Wang et al. (2015) to calibrate the stellar feedback, while the second one has been chosen since it is one order of magnitude larger in halo mass.
In this parameter study we vary only one parameter at the same time, thus it is possible that changing multiple parameters simultaneously gives an even better match to the observed scaling relations. Further improvement could be reached by varying parameters not associated to black hole feedback, e.g., parameters related to stellar feedback, or by changing the models for black hole formation, accretion and feedback as outlined in section 3.
Accretion parameter α
For the galaxy g7.92e12 the accretion parameter α seems to have a threshold value of about α = 60. For α > 60 the variation in stellar mass (Fig. 10a ) does not show a clear trend but is possibly of stochastic nature. The black hole mass does not change significantly (Fig. 10b) , demonstrating the self-regulating nature of black hole feedback. However, for α < 60 the black hole feedback is insufficient to reduce the stellar mass to match the observed M ⋆ -M 200 relations (Fig. 10a ) and the black hole mass rapidly drops below the observed M BH -M ⋆ relations (Fig. 10b ). For the galaxy g8.26e11 this threshold value seems to be smaller, possibly due to a higher resolution, as all simulations only show small variations in the M ⋆ -M 200 and M BH -M ⋆ relations that are possibly of stochastic nature. Thus an accretion parameter of α = 70 seems to be a reasonable choice.
Feedback efficiency e f
A higher feedback efficiency quenches the accretion of gas by the black hole, and thus leads to a lower black hole mass (Fig. 10d) . The total amount of feedback energy injected into the gas for the galaxy g7.92e12 is E = e f e r c 2 M BH = (8. 9, 9.6, 9.3, 9.1, 7 .6) × 10 53 J for the values e f = (0.01, 0.03, 0.05, 0.10, 0.15), i.e. even changing the feedback efficiency by a factor of 15 changes the total feedback energy by less than 20 per cent. Thus a higher feedback efficiency is compensated by a lower black hole mass, leading to approximately the same total feedback energy, again demonstrating the self-regulating nature of black hole feedback. The stellar mass is slightly decreasing with decreasing feedback efficiency (Fig. 10c ), but this effect is small and could also be of stochastic nature. Feedback efficiencies of 0.10 and 0.15 far overpredict the M ⋆ -M 200 relation for the galaxy g7.92e12 (Fig. 10c) , and feedback efficiencies of 0.01 and 0.03 far underpredict the M BH -M ⋆ relation for Kormendy & Ho (2013) , and a linear fit to our NIHAO galaxies. The shaded regions are the 1-sigma scatter.
the galaxy g8.26e11 (Fig. 10d) , making a feedback efficiency of e f = 0.05 an optimal choice.
Black hole seed mass M BH,s
Small seed masses of 5 × 10 4 and 7 × 10 4 M ⊙ provide insufficient feedback, leading the galaxy g7.92e12 to highly exceed the observed M ⋆ -M 200 relations (Fig. 10e ). High seed masses of 3 × 10 5 and 5 × 10 5 M ⊙ bring the galaxy g7.92e12 to the edges of the observed M ⋆ -M 200 and M BH -M ⋆ relations (Fig. 10e,f) , leaving a seed mass of M BH,s = 1 × 10 5 M ⊙ as optimal choice. According to Fig. 10e ,f the final black hole mass does not depend on the black hole seed mass (except for the lowest seed mass), but the final stellar mass does. This can be explained with Fig. 11 , which shows the black hole mass and the stellar mass as a function of time for the galaxy g7.92e12 and for different black hole seed masses. The three lowest black hole seed masses show a black hole mass evolution as outlined in section 5: The growth rate is low at first, then black hole mergers trigger 'runaway growth' that is then stopped by feedback and ultimately leads to black hole masses in accordance with observations.
The two highest black hole seed masses show an entirely dif-ferent evolution: Black hole mergers are not needed, the seed mass is already sufficiently high to trigger 'runaway growth'.
Although the evolution of the black hole masses in both scenarios is entirely different at early times, they produce the same final black hole masses (except for the lowest seed mass), which can be attributed to the self-regulating nature of black hole feedback: Large black holes exert high feedback and allow for a low accretion rate, small black holes exert low feedback and allow for a high accretion rate. Fig. 11 also shows the stellar mass as a function of time for different initial black hole seed masses. Until 2.5 gigayears the stellar masses evolve almost identical, then they start diverging: The higher the black hole seed mass the earlier the black hole accretion rate peaks, thus star formation is quenched earlier, which sets the stellar masses to ever lower values. The sudden jumps in the stellar mass at about 4-5 gigayears are caused by a merger event.
Different black hole seed masses lead to the same black hole mass, but to different stellar masses at redshift zero. However, calibration on scaling relations can be used to determine the optimal choice for the black hole seed mass. Behroozi et al. (2013) and Moster et al. (2013) stellar mass halo mass functions and for our NIHAO galaxies. The black circles mark the redshifts shown in Fig. 1 .
Halo threshold mass M h,t
High halo threshold masses of 7 × 10 10 or 7 × 10 10 M ⊙ overpredict the M ⋆ -M 200 relation (Fig. 10g) for the galaxy g7.92e12, whereas decreasing the halo threshold mass to 1 × 10 10 or 3 × 10 10 M ⊙ moves the galaxy to the edge of the observed M BH -M ⋆ relations (Fig. 10h) . Thus a halo threshold mass of M h,t = 5 × 10 10 M ⊙ is the most reasonable choice.
The results in Fig. 10g ,h resemble the results in Fig. 10e ,f: Increasing the halo threshold mass is equivalent to reducing the black hole seed mass, thus the same ratio of halo threshold mass to black hole seed mass produces the same results. This can be explained as follows: The halo threshold mass basically determines the time the black hole is seeded. If with our standard parameters a black hole with 10 5 M ⊙ is seeded at time t, increasing the halo threshold mass means the black hole with 10 5 M ⊙ is seeded at a 2011) and Kormendy & Ho (2013) and for our NIHAO galaxies. The black circles mark the redshifts shown in Fig. 3. time t+dt, and reducing the black hole seed mass means a black hole with 10 4 M ⊙ is seeded at time t. The former is equivalent to the latter, as the black hole with 10 4 M ⊙ seeded at time t will have grown to 10 5 M ⊙ at the time t+dt.
SUMMARY
We introduce and test algorithms for black hole formation, accretion and feedback to the NIHAO project. For black hole formation we place a black hole in the centre of a halo once it exceeds a threshold mass, for black hole accretion we use the Bondi-Hoyle-Lyttleton parametrization, and for black hole feedback we deposit thermal Figure 10 . Parameter study for the galaxies g7.92e12 (circles) and g8.26e11 (triangles) for variations of the accretion parameter α (first row), feedback efficiency ǫ f (second row), black hole seed mass M BH,s (third row) and halo threshold mass M h,t (fourth row). Left column: stellar mass versus halo mass relation. The solid lines show results from halo abundance matching of Moster et al. (2018) , Behroozi et al. (2013) and Moster et al. (2013) with IMF and halo mass corrections, and a fit of our NIHAO galaxies to eq. 3 of Behroozi et al. (2013) . The shaded regions are the 1-sigma scatter. The dashed lines are the uncorrected Moster et al. (2013) relation and the Moster et al. (2018) and Behroozi et al. (2013) relations with corrections for the halo mass only. The dotted line is the cosmic baryon fraction. Right column: black hole mass versus stellar mass relation. The solid lines and shaded regions are observed relations from Sani et al. (2011) and Kormendy & Ho (2013) . energy, which is proportional to the black hole accretion rate, into the gas that surrounds the black hole. This addition to the NIHAO project allows us to extend the NIHAO suite of galaxies to higher masses.
Our galaxies show good agreement with the observed M ⋆ -M 200 and M BH -M ⋆ relations that we use to calibrate the free parameters of our model. We also investigate the scatter of these relations and their time evolution. The scatter of both relations is decreasing with time for z < 1 (higher redshifts possibly suffer from low number statistics and seeding effects), and is also lower than the observed scatter, possibly because we measure the intrinsic scatter of these relations without any observational uncertainties.
In the high mass, elliptical galaxies the quenching of star formation occurs after an increase of the black hole accretion rate, confirming that star formation is quenched by the black hole feedback. A parameter study confirms that we have chosen the optimal parameters within the framework of our model. Our simulations provide a valuable tool to study the effect of black hole feedback on galaxy formation and evolution. Table 1 . Galaxies and their properties: particle number N , dark matter particle number N DM , star particle number N ⋆ , halo mass M 200 , stellar mass M ⋆ and black hole mass M BH . First section: galaxies from the original NIHAO sample from the 60 Mpc box, second section: new galaxies from the 60 Mpc box, third section: new galaxies from the 90 Mpc box. Galaxies without black hole mass are re-simulations without black holes.
